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Ultrafine-grained copper samples produced by high-pressure torsion were stored at room 
temperature for 12 months to investigate microstructural stability and the self-annealing 
phenomena. The results show that samples processed by low numbers of turns exhibit less 
thermal stability after storage for 12 months by comparison with samples processed by high 
numbers of turns. A significant decrease in the hardness was recorded near the edges of the 
discs processed by 1/4, 1/2 and 1 turn due to recrystallization and grain growth whereas a minor 
drop in hardness values was observed in the samples processed by 3, 5 and 10 turns. This drop 
in hardness was related to a recovery mechanism. 





High-pressure torsion (HPT) is an important severe plastic deformation (SPD) 
technique used to fabricate ultrafine-grained (UFG) and nano-crystalline materials with 
superior strength and hardness [1,2]. Bulk polycrystalline materials undergoing HPT will 
exhibit exceptional grain refinement producing a final microstructure with micro- or nano-sized 
grains and with grain boundaries having high angles of misorientation [3]. The HPT process 
consists of using thin discs or ring-shaped samples and subjecting to a high pressure together 
with concurrent torsional straining which is produced by two massive anvils.  The equivalent 




                                                                                                           (1) 
where N is the total number of turns, r is the radius of the disc and h is the thickness (or height) 
of the disc. According to Equation 1, the equivalent von Mises strain is directly proportional to 
the distance from the centre of the disc. This implies that the imposed strain is zero at the disc 
centre and a maximum at the edge, thereby leading to inhomogeneities in the microstructures 
after processing by HPT. In practice, experiments show that the microstructures of most metals 
tend to transform from an inhomogeneous to homogeneous state after the disc have been 
processed through a series of revolutions [5]. By conducting a microstructural analysis and 
characterizing the microhardness of each disc, the effect of straining on the transformation of 
the microstructural homogeneity can be evaluated. The results show a general agreement with 
the theoretical relationship in the early stages of straining where inhomogeneity is present and 
there are higher hardness properties near the edge compared with the centre of the disc. 
Although many studies showed that hardness in pure copper reaches a saturation state 
after imposing a certain level of strain by HPT [6-8], there are only limited reports on the 
significance of self-annealing at room temperature (RT) in pure copper after HPT. One study 
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showed that self-annealing was not observed and there was no decrease in hardness after 70 
days storage at RT for pure Cu (99.99%) subjected to HPT for 5 turns at 6.0 GPa [9]. Another 
study on pure Cu processed by HPT for 1 turn and stored at RT for 96 hours revealed no 
significant change in hardness but there was a minor drop in the microstrain as measured by 
XRD [10]. Other HPT investigations showed that in high-purity oxygen-free high conductivity 
copper the hardness initially increased during the early stages of straining and then decreased 
and finally increased again in order to attain homogeneity, where the softening of the material 
was attributed to a dynamic recrystallization of the microstructure [11]. Self-annealing after 
HPT was investigated using Cu (99.99%) that was processed through 10 turns at 6.0 GPa and 
then stored at RT for 4.3 years where the results showed a minor drop in the hardness value of 
~22 Hv [12]. A recent study on Cu (99.99%) processed by HPT for 1/2, 1, 5 and 10 turns at 6.0 
GPa showed a significant drop in hardness values at the edges of the disc processed by 1/2 turn 
after RT storage for 6 weeks but the self-annealing effect was not detected after 5 and 10 turns 
[13]. The softening of copper was significant after short-term storage which causes a reduction 
in strength due to the self-annealing effect at RT. More recently, long-term self-annealing of 
HPT-processed Cu (99.99%) was investigated after storage at RT for 1.25 years and 7 years 
[14]. It is concluded from these reports that self-annealing of Cu may have a significant impact 
on the material performance in any industrial applications and accordingly it is essential to 
achieve a better understanding of the nature of this self-annealing effect.   
The present study was initiated in order to investigate the stability of oxygen-free 
copper after long-term storage at RT and, in addition, to provide a systematic study of the 
influence of this self-annealing on the microstructure and microhardness. 
2. Experimental Materials and Procedures 
The material used in this study was a high purity oxygen-free copper rod with a 99.95 
wt% purity. Initially the rod was annealed for 1 h at 600 °C using a vacuum tube furnace and 
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then discs were cut with diameters of 10 mm and thicknesses of ~0.85 mm. The discs were 
processed by HPT under an applied pressure of 6.0 GPa  at RT with a rotation speed of 1 rpm 
to the following total numbers of turns, N: 1/4, 1/2, 1, 3, 5 and 10. The HPT processing was 
conducted under quasi-constrained conditions where there is a small outflow of material around 
the edge of the disc between the two anvils [15, 16]. Following HPT, discs were placed in 
storage at RT for periods of 1 week and 12 months. 
Sample preparation was performed on both the HPT-processed discs and the post-HPT 
stored discs. This consisted of grinding on SiC papers to remove layers of ~0.1 mm thickness 
from the disc surfaces, followed by mechanical polishing using 9, 6, 3 and 1 μm diamond 
suspensions and finally polishing to a mirror-like finish using a vibratory polisher with 0.04 
μm colloidal silica. 
  The Vickers microhardness, Hv, was measured on the polished samples using an 
FM300 microhardness tester equipped with a Vickers indenter. Each indentation was 
performed using a load of 100 gf with a dwell time of 15 s. Measurements were taken at 
positions along the disc diameters separated by incremental distances of 0.3 mm and with the 
average hardness at each position estimated from four individual points recorded around the 
selected position and separated by distances of 0.15 mm.   
An electron backscattered diffraction (EBSD) analysis was conducted using an 
analytical field emission scanning electron microscope (SEM) JEOL JSM-7001F at an 
operating voltage of 15 kV in order to examine the sample microstructure. The SEM was 
equipped with imaging detectors and used a TSL orientation imaging system and OIM™ 
software for data collection. Kikuchi patterns were obtained at a working distance of 15 mm 
with a sample tilt of 70 degrees. The step size was 0.2 µm, and the images were cleaned up 
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using grain confidence index (CI) standardization, neighbour CI correlation and grain dilation 
procedures. The average grain size was determined using the linear intercept method.  
The microstructures of the HPT-processed discs were evaluated using a Bruker D2 
Phaser X-ray diffractometer equipped with a Cu target using Cu Kα1/Kα2 (wavelength 
λ=1.5418 Å) radiation and a Ni K filter (detector side) with a 1D LYNXEYE detector. A 
corundum sample was run on the x-ray machine for the calibration of instrumental broadening. 
It is important to note that the whole disc surface was analysed by X-ray diffraction (XRD) and 
θ–2θ scans were conducted from 2θ=30°–100° with scan steps of 0.02° to record the XRD 
patterns. All of the XRD patterns were corrected for instrumental broadening. The crystallite 
size, the lattice parameter and the microstrain were calculated based on the Rietveld method 
[17] using Maud software for profile fitting.  
3. Experimental Results 
3.1 The Evolution of Microhardness after Storage at RT 
The hardness measurements were recorded along a diameter of each disc and Fig. 1 
compares the hardness measurements recorded after 1 week (solid points) and after 12 months 
(open points) following HPT processing for (a) 1/4, (b) 1/2, (c) 1, (d) 3, (e) 5 and (f) 10 turns. 
Due to the time taken for EBSD sample preparation and observation, hardness measurements 
were carried out only after one week in order to provide comparable results for hardness and 
EBSD. The hardness results show that in the initial stages of deformation, where N = 1/4, 1/2 
and 1 turn in Fig. 1(a)-(c), the microhardness values vary significantly across the diameters of 
the discs with low hardness values recorded in the central regions with higher values at the 
edges. After later stages of deformation, at N = 3, 5 and 10 turns in Fig. 1(d)-(f), there are only 
minor changes in the hardness values across the diameters of the discs. An essentially steady-
state condition was achieved after 10 turns with reasonable hardness homogeneity. In addition, 
the hardness values recorded at the peripheries after 1/4 turn are higher than the values recorded 
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at the same positions after subsequent turns. Thus, these values slightly decreased with 
increasing numbers of turns until they became stabilized with the same average of hardness 
values across the disc diameter. This decrease in hardness provides evidence for dynamic 
recovery taking place during the HPT process. It is noted that structural recovery was also 
observed in an earlier report of high purity OFHC copper of 99.99+wt% after processing by 
HPT at RT [13].  
For specimens stored at RT for a period of 12 months after HPT processing, the 
microhardness measurements were again recorded along diameters of each disc and it is readily 
apparent in Fig. 1(a) that there was a significant drop in hardness around the periphery after 
1/4 turn. The severity of the hardness loss was reduced as the point of measurement moved 
towards the centre of the disc. A major drop was visible at a radial distance of ~4.0 mm up to 
~4.8 mm corresponding to the furthest measurement from the centre, but it is reasonable to 
assume the drop in hardness extends to the edge of the disc.  The average hardness value 
decreased from ~138 Hv to ~100 Hv within this region. In Fig. 1(b) the hardness values 
recorded after 12 months for the specimen processed by 1/2 turn revealed a substantial drop 
over a distance of ~2.0 to ~4.8 mm from the centre of the disc, with average hardness values 
decreasing from ~138 Hv to ~100 Hv within this region. For the specimen processed by 1 turn 
in Fig. 1(c), the hardness drop started at a point closer to the centre of the disc, with the decrease 
in hardness beginning at ~0.5 mm from the centre of the disc and stabilising at an average value 
of ~118 Hv towards the periphery. It can be seen that at higher numbers of turns, as at N = 3, 
5 and 10 turns in Fig. 1(d), (e) and (f), respectively, the drop in hardness was not localized and 
the hardness  was almost constant across the diameters of the discs. These latter three conditions 
exhibited similar trends in which the drop in hardness values were relatively minor with the 
hardness reduced by only ~8% after storage at RT for 12 months.  
3.2 Microstructural Evolution after Room Temperature Storage 
6 
 
Fig. 2 and Fig. 3 show the OIM images of, respectively, the centre and edge of the discs 
after 1 week (upper) and 12 months (lower) of HPT processing for, reading from left to right, 
1/2, 1, 3 and 10 turns. In the disc centre area, as shown in Fig. 2, the 1/2 and 1turn discs have 
coarse grain structures after 1 week of HPT processing whereas the discs subjected to 5 and 10 
turns of HPT processing have very fine grain structures. In the disc edge area, Fig. 3 shows 
very fine microstructures after 1 week in all samples processed through 1/2, 1, 3 and 10 turns. 
Close inspection of the images in Fig. 3 shows that the grains at the periphery grew significantly 
after 12 months storage for 1/2 turn. It is also apparent that the peripheries of the discs 
processed by 1 and 3 turns and then stored for 12 months have coarser grains than those present 
at 1 week after HPT processing.  
To provide a quantitative summary of the data, Table 1 documents the average grain 
sizes of the centre and edge positions after HPT processing for various numbers of turns and 
with subsequent storage at RT for 1 week and 12 months. It can be seen that the average grain 
sizes at the centre and edge after 12 months were larger, for every number of turns, than the 
average grain sizes measured after 1 week from HPT processing.  
Some abnormal grain growth was observed at the edge of the 1/2 turn specimen, as 
indicated by the arrows in Fig. 3. Thus, the average grain size increased from ~0.69 µm to ~3.1 
µm. This is consistent with the localized reduction in hardness recorded in Fig. 1(b). It is also 
apparent that the rate of grain growth was slower in the discs processed by higher numbers of 
turns and the rate of grain growth decreased with increasing numbers of turns. For example, 
the average grain size at the edge after 1 turn increased from ~0.63 µm to ~1.96 µm after 12 
months storage whereas the average grain size after 10 turns increased from ~0.51 µm to ~0.71 
µm for the same storage conditions.   
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The distributions of the misorientation angles at the centre and edge positions for discs 
stored at RT for 12 months after HPT processing are shown in Fig. 4. Thus, the fractions of 
low-angles grain boundaries (LAGBs, defined as misorientations of 2-15) are considerably 
higher at the centres of the discs processed by 1/2 and 1 turn in Fig. 4(a) and (c) while there 
are high numbers of Σ3 twin boundaries (60) at the edges in Fig. 4(b) and (d). By contrast, the 
number of Σ3 twin boundaries (60) was lower after 3 turns and instead the fractions of high-
angle grain boundaries (HAGBs, defined as >15) were ~80% at the centre and ~91% at the 
edge, respectively. This difference in the distributions of misorientation angles between the 
centre and edge was further reduced at higher numbers of turns so that after 10 turns the 
fractions of HAGBs were ~90% and ~93% at the centre and edge, respectively.   
The fractional numbers of different grain boundary characters are summarised in Fig. 
5 at the edges of the discs measured within 1 week after HPT processing and after subsequent 
storage at RT for 12 months for (a) 1/2 turn, (b) 1 turn, (c) 3 turns and (d) 10 turns and similar 
information is given in Fig. 5(e-h) for the centres of the discs. The three sets of grain boundary 
characters are LAGBs, Σ3 twin boundaries and HAGBs without Σ3 twin boundaries (labelled 
as >15 grain boundary character in Fig. 5).  
For the edges of the discs, it is readily apparent in Fig. 5(a) and (b) that there was a 
drastic decrease in the fractional number of LAGBs after 12 months storage in those specimens 
processed by 1/2 and 1 turn, and the fractional numbers of HAGBs without Σ3 twin boundaries 
were slightly increased. However, the fraction of Σ3 twin boundaries significantly increased 
after storage at RT for 12 months. The grain boundary characters were relatively stable at 
higher numbers of turns, as at N = 3 and 10, and in Fig. 5(c-d) there are only minor changes in 
the fractional numbers. For the centres of the discs in Fig. 5(e-h), the fractional numbers of all 
boundaries were reasonably similar after 1 week and storage for 12 months.  
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It can be concluded from the significant reduction in hardness at the peripheries of the 
specimens processed by 1/4, 1/2 and 1 turns, and the significant increase in the Σ3 twin 
boundaries, that recrystallization took place during storage for 12 months at RT. The recovery 
process taking place in the centres of the discs can be confirmed by the increase of the fraction 
of low-angle boundaries during long-term storage as shown in Fig. 5(e) and (f).  
3.3 X-Ray Diffraction Analysis 
The XRD tests were conducted on the discs at 1 week and 12 months after HPT 
processing. The microstrains for each condition are compared in Fig. 6 and it is concluded that 
the microstrains measured after 12 months follow the same trend as after 1 week except that 
slightly lower values were observed after 12 months storage at RT.  For both plots, there is a 
sharp increase in microstrain from 0 to 1/2 turn but thereafter there is a substantial decrease 
which continues up to 3 and 10 turns. This drop in the microstrain from 1 turn to 10 turns is 
consistent with the advent of dynamic recovery during HPT processing. 
4. Discussion 
4.1 Instantaneous Softening during HPT processing  
  The microhardness measurements recorded across the diameters of the discs in Fig. 1 
within 1 week after HPT processing show that the peripheral areas of the discs processed by 3, 
5 and 10 turns exhibit lower hardness values than at the disc edges after processing by lower 
numbers of turns. This is consistent with the occurrence of dynamic recovery during the HPT 
processing. Several models have been developed to detect the nature of the recovery in 
materials based on the variations of microhardness with the equivalent strain [18-20]. The 
variation of microhardness recorded in this study with respect to the equivalent strain is 
depicted in Fig. 7(a) and this curve demonstrates the transition from an initial hardening to a 
subsequent softening of the oxygen-free copper during HPT. In practice, there is an abrupt 
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increase in hardness in the initial stage of straining, followed by a drop in hardness at an 
equivalent strain of ~12 and then the hardness reaches a steady-state value of ~130 Hv at 
equivalent strain larger than ~50. These results are fully consistent with those reported in an 
earlier study on OFHC Cu (99.99+ wt.%) [13]. In another study on high purity Cu (99.99 wt.%) 
it was reported that the hardness saturates at a value of ~130 Hv at an equivalent strain of ~15 
[21] whereas OFHC Cu (99.99+ wt.%) revealed a saturation hardness of ~150 Hv at an 
equivalent strain of ~22 [11]. In a later study of pure Cu (99.99 %), the hardness saturated at 
~142 Hv at an equivalent strain of ~80 [22].  
Hardening and then softening with rapid recovery has been reported in metals having 
high stacking-fault energy (SFE) such as high-purity aluminum [7, 23-31] and also in pure Mg 
[34] and pure Zn [29]. However, it has been well documented that pure Cu generally saturates 
at large strains without recovery [7, 21, 33-41]. Thus, recovery occurs easily in high-purity Al 
due to the narrow separation between the partial dislocations in high SFE materials which leads 
to easy cross-slip. By contrast, pure copper is a low to medium SFE material so that cross-slip 
is more difficult due to the wider separation of the partial. Nevertheless, there is evidence for 
softening with rapid recovery in the oxygen-free Cu (99.95 wt.%) used in the present HPT 
processing and similar findings were also reported in earlier studies on OFHC Cu (99.99 
+wt.%) processed by HPT at RT [11,13, 14] and OFHC Cu processed by repetitive upsetting-
extrusion (RUE) at RT [42]. All of these results suggest that the nature of the recovery in 
oxygen-free copper may be different from other samples of pure copper having different 
purities.   
The direct correlation between the Vickers microhardness values and the equivalent 
strain shown in Fig. 7(a) suggests a hardness softening indicative of the occurrence of recovery. 
Furthermore, the decrease in microstrain values shown in Fig.6 provide supporting evidence 
for dynamic recovery during the HPT processing. It is suggested from these data that recovery 
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takes place after 1 turn and becomes more pronounced at higher numbers of turns. These results 
are generally consistent with an earlier study on OFHC Cu (99.99+ wt.%) [13]. 
One parameter that may produce recovery is the temperature rise occurring during the 
HPT process which has been well documented by finite element modelling [16, 43]. The results 
from this modelling show that the temperature rises due both to the heat generated during the 
plastic deforming of the sample and to the friction inherent in the material flow during the anvil 
rotation. Accordingly, it is important to investigate the influence of a temperature rise on the 
occurrence of recovery in the present study.  
The variation of the temperature, ∆𝑇, with time is calculated by [44]: 
∆𝑇 = 0.22𝜎𝜔[1 + 1.28(1 − 𝑒−(𝑡/482))]                                                                                 (2) 
where 𝜎 is the flow stress (the values were determined using tensile testing as shown in Table 
2), 𝜔 is the rotation rate and 𝑡 is the time. The calculated temperature rise during each rotation 
is shown in Table 2. The results demonstrate that the temperature of the oxygen-free Cu disc 
increased rapidly from 293 K (RT) to ~309 K after 1/4 turn and then the increase became slower 
with additional HPT turns. This is consistent with earlier results from finite element modelling 
that show a rapid increase in temperature in the initial stages of deformation followed by a 
slower rise [16]. The calculated increase in temperature after 10 turns is ~35 K. This value is 
similar to an earlier study on pure Cu that estimated a temperature rise of ~40 K after 10 turns 
using the same experimental conditions [45].  
Careful inspection of the microhardness results across the diameters of the HPT discs 
in the present study, combined with results obtained in earlier studies on OFHC Cu, shows two 
different trends in the early stages of deformation where N = 1/4, 1/2 and 1 turn. The first trend 
is a low hardness value in the central region of the disc and high values at the edges [13] which 
is similar to the present study. The second trend shows a low hardness value at the central 
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region of the disc and a significant drop in hardness at the edges, with this drop in hardness 
moving towards the centre with increasing strain [11]. A reasonable hardness homogeneity was 
achieved after 10 turns in both examples. The present study shows that both trends may occur 
during the HPT processing of oxygen-free Cu. Thus, a close inspection of the study conducted 
on OFHC Cu (99.99+ wt%) shows the first trend was observed when the microhardness test 
was conducted at 24 h after HPT processing. The second trend appeared after 6 weeks of 
storage at RT and was due to the self-annealing effect [13]. These results are consistent with 
the present study of oxygen-free Cu (99.95 wt.%) where the first trend appeared during HPT 
processing and this transformed into the second trend after 12 months of storage at RT.  
It is well established in the present study that dynamic recovery occurred at large strain 
during the HPT process. Also, it appears from the OIM images in Fig. 3 that there are 
dislocation-free grains which indicate that recrystallization may occur during or after the HPT 
processing. An earlier report suggested that softening of pure Cu is due to static 
recrystallization that takes place after the HPT processing [21] whereas dynamic 
recrystallization was reported in other studies [45, 46]. In addition, several studies reported the 
occurrence of dynamic recrystallization in pure Cu in the early stages of deformation [11, 22, 
47]. In order to more fully clarify the validity of these two phenomena, it will be important in 
future experiments to record the time of storage between the HPT processing and any 
mechanical testing and microstructural characterization. 
4.2 The occurrence of self-annealing after 12 months storage at RT 
Fig. 1(a)-(f) show the microhardness values recorded across the diameters of the discs 
1 week and 12 months after HPT processing. It is well documented in Fig. 1(a)-(c) that 
specimens processed through a low number of turns, such as N = 1/4, 1/2 and 1, display a V-
shaped plot due to the variations of the imposed strain across the disc, whereas specimens 
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processed by high numbers of turns, such as N = 3, 5 and 10, display relatively uniform 
hardness distributions across the diameters of the discs. The present results reveal that self-
annealing took place in oxygen-free copper after 12 months storage at RT and this self-
annealing was most significant in specimens processed through a small number of turns, such 
as 1/4, 1/2 and 1 turn, and it was reduced at higher numbers of turns. This is clearly observed 
in Fig. 7(b) which shows a variation of hardness values with equivalent strain after 12 months 
of room temperature storage. This is similar to the trend observed after 1 week of room 
temperature storage shown in Fig. 7(a), however lower hardness values were recorded across 
all specimens after storage of 12 months. Similarly, a recent report demonstrated this behaviour 
with three distinctive stages (I. hardening, II. softening, and III. saturation) that varies with the 
values of the equivalent strain [14].  Stage I occurs at low equivalent strain and it is related to 
the accumulation of dislocations density, stage II occurs at moderate equivalent strain and it is 
related to the inhomogeneity of the microstructure, and stage III takes place at higher equivalent 
strain and is related to the stability of microstructure having HAGBs.   
It is readily apparent from microhardness measurements across the diameters of the 
discs that the hardness values drop drastically at the periphery and Fig. 3 provides evidence of 
abnormal grain growth after 12 months of storage at RT in the specimen processed by 1/2 turn 
where there is a mixture of large and ultrafine grains. These large grains appear to be free of 
dislocations but this abnormal grain growth is associated with a significant increase in the 
fraction of Σ3 boundaries as shown in Fig. 5(a) indicating recrystallization occurred during the 
time of storage. These data are consistent with other results showing abnormal grain growth 
containing a large fraction of Σ3 boundaries mixed with ultrafine grains after 6 weeks of storage 
at RT of OFHC Cu after processing by HPT for 1/2 turn [13]. An earlier study justified the 
occurrence of the abnormal grain growth due to the migration of the Σ3 boundaries [48]. 
Several studies have reported the occurrence of recrystallization and an increase in the fraction 
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of Σ3 boundaries in Cu due to adiabatic heating during the HPT process [11, 46, 49, 50]. 
However, the temperature rise calculated from equation (2) is not sufficient to introduce 
dynamic softening during HPT processing which is in agreement with earlier studies reporting 
the same findings [44, 51].  
The difference in the softening mechanisms between the centre and the edge of the disc 
is due to the difference in the internal stored energy between these two positions as a result of 
the variation of the strain imposed during the initial stages of HPT processing. A higher energy 
is stored at the edges of the disc in the form of additional dislocations which provide a strong 
driving force for recrystallization. It is well documented that recrystallization can occur in 
metals having heterogeneous microstructures as a result of a high strain energy gradient [52, 
53]. Another contribution to the driving force for recrystallization is the grain boundary energy. 
Since the disc edges exhibit smaller grain sizes, higher fractions of HAGBs and higher fractions 
of Σ3 twin boundaries compared to the disc centres, it is reasonable to anticipate that 
recrystallization is more pronounced at the peripheries. This is supported by a report for pure 
copper showing that recrystallization starts at positions with HAGBs during annealing at 160 
°C [54]. Similar results were also observed in specimen processed by 1 turn but to a lesser 
extent.  
It is apparent from inspection of Fig. 1(d)-(f) that a small decrease in hardness occurs 
across the discs after 12 months storage at RT for those discs processed by 3, 5 or 10 turns 
where this decrease is relatively uniform across the disc diameters.  This finding is contrary to 
an earlier study which showed no drop in hardness for OFHC Cu discs processed by 5 and 10 
turns and then stored for up to 6 weeks at RT [13]. The change in the fractions of HAGBs 
without twin boundaries and Σ3 twin boundaries is insignificant during the storage time as 
shown in Fig. 5(c) and (d) whereas the microstrain is reduced as in Fig. 6. These results suggest 
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that recovery took place after 12 months of storage at RT in those specimens processed through 
a high number of HPT turns.  
The most interesting finding is that the occurrence of self-annealing is significant at the 
edges of the discs processed by a low number of turns but is relatively minor for discs processed 
by a large number of turns. This difference is due to the dynamic recovery which takes place 
during the HPT process at the edges of the discs at large numbers of turns, where this reduces 
the dislocation density and thereby reduces the driving force for recrystallization. It is readily 
apparent that recrystallization occurs preferentially at positions experiencing slow or no 
recovery. Furthermore, recovery reduces the internal stresses and dislocation density by the 
rearrangement of dislocations so that the driving force for recrystallization is diminished [55]. 
This is fully supported by calculating the microstrain from X-ray data which leads to a high 
microstrain after processing by 1/2 turn and a low dislocation density after 10 turns as 
demonstrated by the results plotted in Fig. 6.  
Microhardness, EBSD and XRD tests provide clear and consistent evidence that the 
occurrence of self-annealing is due to recovery and recrystallization. Recovery is a process in 
which cross-slip eradicates screw dislocations and climb annihilates edge dislocations. Thus, 
the rate of recovery is associated with the SFE which controls the degree of dislocation 
dissociation. The waiting time for cross-slip was calculated in an earlier study for FCC metals 
and the results show that recovery occurs easily in UFG Cu [56]. Additionally, the high 
densities of lattice defects induced by the HPT process stores an intensive amount of energy 
within the copper specimens which triggers a self-annealing effect in metals having medium 
melting temperatures [12, 57]. 
5. Summary and Conclusions 
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1. The microstructural stability of UFG oxygen-free copper processed by HPT was 
investigated after storing the samples for 1 week and for 12 months at RT.  
2. A significant decrease in microhardness values was observed near the edges of the discs 
processed by low numbers of turns (N = 1/4, 1/2 and 1) after 12 months of storage at 
RT. However, the reduction in hardness was not localized and was almost constant 
across the diameters of the discs for the samples processed through 3, 5 and 10 turns. 
3. Microstructural investigation showed that self-annealing is related to recrystallization 
and grain growth at low numbers of turns whereas it is related to a recovery mechanism 
at larger numbers of turns. 
4. The occurrence of self-annealing in the samples processed by lower numbers of turns 
is related to the higher stored energy by comparison with the samples processed by 
higher number of turns where the stored energy is lower due to the occurrence of 
dynamic recovery during HPT that diminished the driving force for recrystallization.  
5. The difference in the softening mechanisms between the centres and the edges of the 
discs processed by 1/4 and 1/2 turn is due to the difference in the internal stored energy 
between the two positions as a consequence of the variation in the strain imposed during 
the initial stages of HPT processing. A higher energy is stored at the edges of the disc 
in the form of additional dislocations which provide a driving force for recrystallization. 
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Fig. 1 Vickers microhardness measurements recorded along diameters of oxygen-free Cu discs 
after 1 week and after 12 months of HPT processing for different numbers of turns: (a) 1/4, (b) 
1/2, (c) 1, (d) 3, (e) 5 and (f) 10 turns.  
Fig. 2 OIM images of the central regions for oxygen-free copper discs 1 week (upper) and 12 
months (lower) after HPT processing for 1/2, 1, 3 and 10 turns.  
Fig. 3 OIM images of the peripheral regions for oxygen-free copper discs 1 week (upper) and 
12 months (lower) after HPT processing for 1/2, 1, 3 and 10 turns: abnormal grain growth 
indicated by arrows.  
Fig. 4 The distributions of misorientation angles for oxygen-free copper discs stored at RT for 
12 months after HPT processing at the centre (left) and edge (right) after (a,b) 1/2, (c,d) 1, (e,f) 
3 and (g,h) 10 turns.  
Fig. 5 The fractional numbers of different grain boundary characters for oxygen-free Cu discs 
measured within 1 week after HPT processing and after subsequent storage at RT for 12 months 
for (a) N = 1/2 (Edge), (b) N = 1 (Edge), (c) N = 3 (Edge), (d) N = 10 (Edge), (e) N = 1/2 
(Centre), (f) N = 1 (Centre), (g) N = 3 (Centre) and (h) N = 10 (Centre).  
Fig. 6 Microstrain as a function of number of turns for oxygen-free copper stored at room 
temperature for 1 week and for 12 months after HPT processing. 
Fig. 7 Vickers microhardness values with respect to equivalent strain for oxygen-free Cu 










Table 1 The average grain sizes of the centres and edges of oxygen-free Cu discs after HPT 
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Fig. 1 Vickers microhardness measurements recorded along diameters of oxygen-free Cu discs 
after 1 week and 12 months of HPT processing for different numbers of turns (a) 1/4, (b) 1/2, 








Fig. 2 OIM images of the central regions for oxygen-free copper discs 1 week (upper) and 12 months (lower) after HPT processing for 1/2, 1, 3 







Fig. 3 OIM images of the peripheral regions for oxygen-free copper discs 1 week (upper) and 12 months (lower) after HPT processing for 1/2, 1, 




Fig. 4 Distributions of misorientation angles for oxygen-free copper discs stored at RT for 12 
months after HPT processing at the centre (left) and edge (right) after (a,b) 1/2, (c,d) 1, (e,f) 3 












Fig. 5 The fractional numbers of different grain boundary characters for oxygen-free Cu discs 







for (a) N = 1/2 (Edge), (b) N = 1 (Edge), (c) N = 3 (Edge), (d) N = 10 (Edge), (e) N = 1/2 














Fig. 6 Microstrain as a function of number of turns for oxygen-free copper stored at room 












Fig. 7 Vickers microhardness values with respect to equivalent strain for oxygen-free Cu 





Table 1 The average grain sizes of the centres and edges of oxygen-free Cu discs after HPT 
processing for various number of turns and subsequent storage at RT for 12 months. 
No. of turns Position Grain Size (µm) 
1 week after HPT 12 months after 
HPT 
1/2 turn Centre 0.82 1.04 
Edge 0.69 3.10 
1 turn Centre 0.70 1.20 
Edge 0.63 1.96 
3 Turns Centre 0.60 1.67 
Edge 0.57 0.70 
10 Turns Centre 0.52 0.79 








Table 2 The calculated temperature rise for different numbers of turns during HPT 
processing of Oxygen-free Cu. 
Number of Turns (N) σ (MPa) T (K) ∆𝑻 (K) 
0 - 295 0 
1/4 475 309 14 
1/2 530 311 16 
1 472 311 16 
3 496 317 22 
5 494 322 27 
10 491 330 35 
 
 
